Genome D r a f t 2 Abstract: Unisexual Ambystoma are the oldest known unisexual vertebrates and comprise a lineage of eastern North American all female salamanders that reproduce by stealing sperm from as many as five normally bisexual congeneric species. The sperm may be used to only stimulate egg development by gynogenesis but can be incorporated in the zygote to elevate the ploidy level or to replace one of the female's haploid genomes. This flexible and unique reproductive system, termed kleptogenesis, is investigated using a microsatellite examination of 988 offspring from 14 unisexual mothers. All mothers produced clonal as well as ploidy-elevated offspring. Genome replacement and multiple paternity are confirmed for the first time in unisexual Ambystoma.
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Introduction
Knowledge of all-female (unisexual) vertebrates is relatively new. In 1932 a fish was found that was wide-spread and abundant in nature. The fish, Poecilia formosa is commonly known as the Amazon molly, not for its location but for a mythical all-female tribe. This fish consistently produced an abundance of wholly female matroclinous young (Hubbs and Hubbs 1932) . Since that time, researchers have continued to find additional unisexual vertebrates among fish, amphibians and reptiles. By the 1980's about 50 unisexual vertebrate species or "biotypes" were identified (Vrijenhoek et al. 1989 ) and now there are about 100 recognized unisexual biotypes (Avise 2015) . Bisexual reproduction provides the genetic variation which is the cornerstone of evolution and that is the reason that bisexual reproduction is so ubiquitous in the animal kingdom. Thus, it is not surprising that evolutionary theorists (Muller 1964; Williams 1975; Maynard Smith 1978) view unisexual vertebrates as short-lived accidents that play no role in speciation. Rapid extinction of unisexual lineages would support theoretical hypotheses extolling the selective advantage of bisexual reproduction despite the obvious unisexual advantage that every individual can produce offspring. There are costs associated with bisexual reproduction that don't apply to unisexuals (Stelzer 2015) . Advances in technology and new methodology can be used to test theories related to unisexual persistence. Warren et al. (2018) investigated the ancestral history of the Amazon molly (P. formosa) by sequencing genomes of D r a f t 4 possessed substantial heterozygosity and clonal variability. It is very clear that unisexual vertebrates are independent entities that face different ecological and evolutionary challenges.
How they cope with those challenges to avoid extinction provides insight to assist our general understanding of reproductive biology.
Unisexual salamanders in the genus Ambystoma represent the most ancient lineage of unisexual vertebrates (~5 million years: Bi and Bogart 2010) . Over their extensive range in eastern North America they live in sympatric association with one of five distinctly bisexual species of Ambystoma (A. barbouri, A. jeffersonianum, A. laterale, A. texanum, A. tigrinum) (Uzzell 1964; Downs 1978; Kraus 1985; Bogart et al. 1985 Bogart et al. , 1987 Bogart et al. , 2009 ) that unisexuals use as sperm donors. Unisexual Ambystoma all have a hybrid nuclear genome that consist of at least one A. laterale chromosome complement but other chromosome(s) are usually the same as those found in the sympatric sperm donating species. Because they can be diploid, triploid, tetraploid, or even pentaploid and can include nuclear contributions that involve five species, many distinct unisexual Ambystoma biotypes or genomotypes, according to Lowcock (1994) , have been identified (Bogart 2003; Bogart et al. 2009 ). All unisexual Ambystoma share the same mitochondrial DNA (Hedges et al. 1992; Bogart 2003; Bi and Bogart 2010) that is very different from the mtDNA of their associated sperm donors, which rules out possible multiple hybrid origins. Gynogenesis was determined to be the reproductive mode used by triploid unisexual Ambystoma by Macgregor and Uzzell (1964) who examined lampbrush chromosomes from unisexual oocytes. Ambystomatids have a haploid number of 14 chromosomes (n) and triploids have 42 chromosomes (3n). Prior to meiosis in triploid unisexuals, there is a pre-meiotic replication that doubles the number of chromosomes from 3n=42 to 6n=84. During meiotic prophase, the 84 chromosomes form 42 bivalents with observable chiasmata where cross-overs D r a f t 5 can occur, but bivalents are thought to consist of identical sister chromosomes, derived from the premeiotic replication, so cross-overs are genetically meaningless (Uzzell and Goldblatt 1967) .
Bivalents separate during meiotic reduction, the eggs are 3n, and have the same genotype as the mother. These events lead to clonal triploid offspring when sperm activates development of eggs but is not incorporated. Gynogenesis does not explain the various ploidy levels (diploid to pentaploid) and the variety of genomotypes that have been observed in populations of unisexual Ambystoma. Bogart et al. (2007) suggested a new mode of reproduction, kleptogenesis, for unisexual Ambystoma, which could explain observed nuclear genomic constituents. Unisexual females steal sperm from one of the acceptable sperm donors. The sperm is normally not incorporated and is eliminated by a chromatin rejection mechanism at the first cleavage division in the embryo (Elinson et al. 1992 ) but does stimulate the egg to develop by gynogenesis which gives rise to offspring that are genetically identical to the female. Rarely, the sperm can be incorporated, which adds a sperm donor's chromosome and elevates the ploidy level (e.g. triploid to tetraploid) and very rarely, one of the female's chromosomes is replaced with a male chromosome (Fig.1) .
Clonal development and ploidy elevation are known to occur in the gynogenetic Amazon molly (Schories et al. 2007 ) and in other unisexual vertebrates (Avise 2015) but genome replacement is unusual and could be a significant process for the success and persistence of unisexual Ambystoma, which has stimulated additional investigations. Bi et al. (2008a) replacement. He concluded that unisexuals would eventually become homozygous with the sperm donor's chromosomes and be unrecognizable from the sperm donor. Gibbs and Denton (2016) modelled "genome exchange" between unisexual and bisexual Ambystoma. They concluded that very high levels of exchange (0.2% per generation) occurred between bisexual and unisexual Ambystoma in Ohio. Beauregard and Angers (2018) assessed "genome exchange" by comparing alternative alleles between A. jeffersonianum -specific and A. laterale -specific microsatellite alleles in unisexual Ambystoma in southern Québec under the assumption that the A. jeffersonianum genome (J) was restricted to a clonal mode of transmission in Québec while the A. laterale genome could be exchanged.
Few studies have examined the offspring that known female unisexual salamanders produce. Larvae derived from discrete egg masses (Bogart 1982; Bogart et al. 2007 Bogart et al. , 2009 ) have been genotyped and have revealed genetic variation but the females that produced those eggs were not known and, based on the genotypes observed, it is suspected that some egg masses include contributions from more than one female. Bogart and Licht (1986) used isozymes, chromosomes, and blood cell size to examine the reproductive mode used by individual female unisexuals on Pelee Island, Ontario where A. laterale (LL) and A. texanum (TT) are sperm donors. Diploid unisexual LT females produced diploid (LT) and triploid (LTT) larvae, triploid LTT unisexuals produced triploid (LTT) and tetraploid (LTTT) larvae but tetraploid LTTT unisexuals produced triploid (LTT) and tetraploid (LTTT) larvae.
Isozymes proved to be very useful in previous studies to identify unisexual genomotypes Klemens 1997, 2008; Bogart et al. 1985 Bogart et al. , 1987 Myers and Zumudio (2004) and Tiger salamanders (A. tigrinum tigrinum) by Bulut et al. (2009) 
. Microsatellite analyses of unisexual
Ambystoma have identified clonal individuals that share multi-locus genotypes (MLG) but also show variation in unisexuals with the same genomotype (Bogart et al. 2007 (Bogart et al. , 2009 (Bogart et al. , 2017 Ramsden 2008; Noël et al. 2011; Beauregard and Angers 2018) . Some of the "clonal" variation involve single microsatellite alleles at one or two loci that probably resulted from microsatellite mutational events. The most straightforward approach for the study of microsatellite mutations is direct observation of allele transmission in parent-child pairs (Ellegren 2004) . Such family studies were used to calculate microsatellite mutation rates in the common carp (Cyprinus carpio) by Yue et al. (2007) and in the Tiger Salamander (A. t. tigrinum) by Bulut et al. (2009) .
The aim of the present study is to examine the microsatellite genotypes of offspring from known unisexual females to look for signatures of a) gynogenetic reproduction; b) ploidy elevation, c) genome replacement, and d) microsatellite mutation.
Materials and methods
Females and offspring. Eighty-six females of the Ambystoma unisexual/bisexual complex were collected from breeding ponds at night during the first week of breeding when water temperature was between 6°C and 8°C using dip nets or minnow traps. Females were catalogued and a small ~3mm tail tip was removed and placed in 70% ethanol for DNA extraction. Females were then placed in pond water in plastic boxes lined with paper towels and were maintained at 6°C to 10°C in either a laboratory environmental chamber or an environmentally controlled cold room. Pond water was carried from the breeding ponds to be laterale, and a single LLJJ unisexual (Pond 3). Pond 3 was chosen for the present investigation as there was an opportunity to obtain offspring from an LLJJ unisexual to test the hypothesis that symmetrical tetraploids give rise to diploid (LJ) eggs by meiosis and omitting the pre-meiotic endoduplication step (Bogart and Bi 2013) . Such eggs could produce LJ unisexuals by gynogenesis or triploid (LLJ or LJJ) by ploidy elevation through the incorporation of an L or a J sperm. To simulate natural conditions, and to identify the male sperm donor, unisexual females were collected during their breeding migration to Pond 2 in 2004 and placed in 20 L plastic buckets with a male A. jeffersonianum. Holes were cut in the bucket to allow water to flow through and sticks were provided as egg attachment sites. Three breeding buckets were placed in the breeding pond. A single male Jefferson Salamander was placed in each bucket. Two contained a single female unisexual salamander and one had two female unisexual salamanders.
Eggs were removed from one bucket when the embryos reached the tail-bud stage. They were D r a f t 9 then taken to the laboratory and maintained using the same conditions as all other eggs. Both parents were subsequently used for parentage analysis. All eggs were maintained at 6°C to 10°C and were monitored daily. Eggs and early embryos that were obviously dead were removed to avoid possible fungal contamination.
Every free-swimming larva was catalogued and placed in an individual plastic cup containing ~250 ml aged tap water. The cups were housed in the laboratory at normal room temperature and the larvae were fed brine shrimp nauplii (Artemia sp.) until they were large enough to eat Blackworms (Lumbriculus variegatus) (Aquatic Foods Ltd., Fresno, Calif.). The cups containing the larvae were regularly cleaned by siphoning to remove uneaten food and feces. Cups were topped-up with aged tap water. Just prior to the development of hind limbs, an approximate 3 mm tail tip was removed from each larva and stored in 70% ethanol for DNA extraction and microsatellite analysis. Any dead larvae were put in 70% ethanol and attempts were made to extract DNA for microsatellite analysis. Triploid, tetraploid and pentaploid larvae were identified by microsatellite analysis of DNA extracted from the small tail tip. Once identified, the larvae were assessed to compare development by ploidy level. Following transformation, juveniles were either returned to suitable areas close to their breeding ponds (on approval by the Animal Care Committee) or kept for 4 to 5 months when sex could be confirmed by examining the gonads, and tissues could be obtained for flow cytometry and isozyme analyses. Juveniles were housed in individual plastic boxes that were lined with a damp paper towel and were fed small crickets. These juveniles as well as the females that produced them were euthanized in a 7% solution of tricaine methane-sulfonate (MS222) buffered to pH 7.0.
Blood and other tissues (heart, liver, spleen, leg muscle) were taken for a parallel flow cytometric and isozyme study that compared isozyme and microsatellite analyses as methods for D r a f t identifying genomotype and ploidy in unisexual salamanders (Ramsden et al. 2006 ). Specimens were fixed in 10% formalin and stored in 70% ethanol. Vouchers are deposited in the herpetology collection at the Royal Ontario Museum.
Microsatellites. Total genomic DNA was extracted from adult and larval tail tips using the protocol provided with a Promega Wizard© Genomic DNA Purification kit. Extracted DNA was re-hydrated in 100 µL ultra-pure water or 0.1 M EDTA buffer and stored at -20°C prior to being used for PCR amplification of microsatellite DNA alleles. Primers designed for A. (Bogart et al. 2007 (Bogart et al. , 2009 (Bogart et al. , 2017 . Forward primers for each locus were fluorescently labeled with tetramethyl rhodamine (TET). The PCR reaction mix for each sample consisted of 
Results
Most (9/14) unisexuals that were used in this investigation were collected using a dip net in the breeding pond. Minnow traps proved to be very successful for collecting unisexuals but only four of 74 minnow-trapped females produced larvae for this study. Developing eggs were only found in one breeding bucket that housed a single pair of salamanders. Females escaped from the other two buckets. Not all developing eggs from each female hatched and no attempt was made to genotype dead embryos. Cannibalism is common in larval ambystomatids (Bogart, pers. observation) and was avoided by placing the larvae in individual containers. A few larvae were accidentally killed by the siphon tube when the containers were cleaned but there were no quantifiable differences between the triploid and the tetraploid larvae in the laboratory. The tetraploids fed, grew, and transformed. Most pentaploid larvae transformed but some swam in circles and had to be coaxed to eat. It is expected that such larvae would not survive in a natural setting.
Multilocus microsatellite analysis of the unisexual mothers that produced larvae is provided in Table 1 . Most (10/14 mothers) were triploid Jefferson salamander -dependent unisexuals (A. laterale -(2) jeffersonianum or LJJ), two were tetraploid Jefferson salamanderdependant unisexuals (LJJJ), and two were triploid Blue-spotted salamander -dependant unisexuals (A. (2) laterale -jeffersonianum or LLJ). These females produced a total of 988 offspring that could be genotyped for all five microsatellite loci and ranged in number from 19 from one LJJ female to 136 from another LJJ female. All mothers produced both gynogenetic clonal offspring (offspring that had the same multi-locus genotype as their mother), as well as ploidy-elevated offspring. Most offspring (60.6%) demonstrated ploidy elevation and were tetraploid (from triploid mothers) or pentaploid (from tetraploid mothers). One LLJ female D r a f t 13 demonstrated genome replacement (see Fig. 1 ): in addition to her clonal and ploidy-elevated offspring, five larvae had triploid LJJ genotypes. Thirty microsatellite mutational events were observed among the clonal as well as the ploidy-elevated larvae, and 29 offspring demonstrated recombinant events. These data are summarized in Table 2 . Ploidy elevated larvae had additional alleles at more than one locus that were attributed to a sperm donor. The sperm donor's species and putative genotype was determined by assessing incorporated alleles in ploidy-elevated offspring when the alleles were different at a locus than the mother's alleles (Table 3 ). The five larvae that demonstrate genome replacement are compared with their mother's, and presumed father's genotypes in Table 4 . Only one two-step (8 base) mutation was observed. All others were mutations involving single step (4 base) microsatellite increases (+) or decreases (-) and most can be linked to the A. jeffersonianum genome. Observed mutations among the offspring are provided in Table 5 . Calculating mutation rate in polyploids that have a combination of species-specific chromosomes presents some possible problems. In addition to the overall mutation rate, calculated by dividing the number of observed mutations by the total number of chromosomes that could contain that microsatellite fragment, calculations were also performed using only A. jeffersonianum or only A. laterale chromosomes. The overall microsatellite mutation rate for all five loci was 2.3 x 10 -3 but varied from a low of 6.6 x 10 -4 for AjeD283 alleles to a high of 4.9 x 10 -3 for AjeD378 alleles, a locus which only amplifies A. jeffersonianum alleles ( Table 6 ). The observed loss or occasion gain of microsatellites among the offspring, compared with their mother's genotype, is provided in Table 7 . This phenomenon may be explained by meiotic recombination. were screened for ploidy using flow cytometry (Lowcock et al. 1991; Lowcock and Murphy, 1991) . Most individuals (75.4%) were unisexuals. Of the unisexuals, 85.7% were triploid and 14% (279 individuals) were tetraploid. Additionally, they documented the presence of three pentaploid (likely LLLLJ) unisexuals, which were the first naturally occurring pentaploids found in the complex. Rare naturally occurring adult pentaploids, in conjunction with triploids and tetraploids, were more recently found in Illinois (likely A. laterale -(2) jeffersonianum -(2) texanum or LJJTT) (Phillips et al. 1997) , eastern Michigan (LLLLJ) (Teltser and Greenwald 2015) and southern Ontario (LLJJJ) (Bogart et al. 2017 ).
Because sperm is required for unisexual reproduction (Bogart and Licht 1986; Bogart et al. 2017) , the females that were collected and did not lay eggs or laid eggs that did not develop were probably not able to pick up a spermatophore before they were collected. All mothers in this investigation demonstrated clonal (gynogenetic) reproduction with no sperm incorporation but they also all produced offspring that demonstrated sperm incorporation (ploidy elevation).
The high frequency of ploidy elevated larvae (Table 2 ) is difficult to understand. Pond 2 was D r a f t 15 studied intensively by Ramsden (2008) and only 15 of 354 unisexuals were LJJJ tetraploids.
Pentaploids were not found. In an artificial insemination experiment that used LJJ eggs , changing the temperature from 6°C to 15°C increased sperm incorporation, which produce tetraploid larvae from triploid LJJ unisexuals, from 14% to 53%. In the present study, females were kept at 6°C -10°C to lay eggs. There must be some subtle difference such as temperature or delayed oviposition that determines whether the sperm is incorporated in the zygote or only stimulates egg development. Perhaps tetraploids and pentaploids are more commonly produced in nature but are at a fitness disadvantage. Teltser and Greenwald (2015) found that ploidy level in unisexuals had a bearing on survival but the decline in higher ploidy levels (tetraploids) takes place gradually across juvenile development. Phillips et al. (1997) mated six tetraploid females with male A. texanum (TT): 77% of the offspring were pentaploid (likely LJJTT). This compares with 80% LJJJJ pentaploid offspring from the two LJJJ mothers in the present study. The lowest number of ploidy elevated larvae (5 of 60) came from the one female (JPB 35594) ( Table 2 ) that laid eggs in a breeding bucket in ~ 6°C pond water.
Multiple paternity. Myers and Zamudio (2004) detected multiple paternity in Spotted salamanders (A. maculatum) through a detailed genetic analysis of larvae derived from egg masses. Knowing the female genotype and comparing clonal and ploidy-elevated larva in the present study proved to be a significant asset for the recognition and genetic identification of male sperm donors. Validation for this method to identify males was supported by knowing the single male placed in a breeding bucket with one female (above). Multiple paternity was identified when the male derived chromosomes in ploidy-elevated larvae demonstrated more than two alleles at one or more loci. Both male genotypes could be estimated by observing possible male allele combinations among the many ploidy-elevated larvae (Table 3) . Over their D r a f t range, unisexuals outnumber their sperm-donating bisexual species, and males are presumed to discriminate and choose to mate with their own females (Uzzell and Goldblatt, 1967 Genome Replacement. Gibbs and Denton (2016) tested genome-specific gene exchange between sexual males and unisexual females in Ohio using a model-testing framework and MIGRATE-N. Based on the model, they estimated a genome exchange rate of 0.2% per generation for J in the unisexuals. Half of the 22 unisexuals they used for DNA extraction and analyses were tetraploid LJJJ unisexuals so, rather than genome replacement, MIGRATE-N was likely measuring ploidy elevation. In the present study 5 offspring (0.5% of all larvae) were documented to have undergone genome replacement (Table 2 ) and all were LJJ offspring from the same LLJ female (JPB 34604 Table 4) from Pond 2. This LLJ unisexual used A. jeffersonianum as a sperm donor (Table 3 ). An L haploid genome was replaced with a J haploid genome and, based on the mother's AjeD346 L alleles 320 and 360, either one of her L chromosomes were replaced by either one of the male's J chromosomes. This LLJ female must have produced at least five reduced (LJ) diploid eggs. Bogart and Bi (2013) (Uzzell and Goldblatt, 1967) , A. jeffersonianum males preferred to mate with (in decreasing order of preference) A. jeffersonianum females, LJJ females, LLJ females and A. laterale females. Unisexuals possessing more copies of the sperm donor's genome may be more likely to attract a male.
The meiotic production of both reduced and unreduced eggs adds more complexity to the already very complex unisexual Ambystoma. In a lampbrush chromosome investigation that examined several members of the unisexual/bisexual complex (Bogart, 2003) The possible production of reduced eggs was suggested by Spolski et al. (1992) to explain the single LJ unisexual they found in Indiana. Diploid LJ unisexuals represent about 14% of the unisexuals found by Bogart and Klemens (1997; 1998) and were more common than tetraploids (~7%). They are abundant in some populations in southern Québec (Noël et al., 2011; Beauregard and Angers, 2018) and were as abundant as LLJ or LJJ in a pond in southern Ontario (Bogart 2007) . In their investigation of ploidy-variable survival over two years across five life stages of unisexuals in Michigan, Teltser and Greenwald (2015) found five LJ diploid unisexual larvae in a sample of 1029 unisexuals that were mostly triploid LLJ (n=910) or tetraploid LLLJ (n=111). No diploid unisexual adults were found but one larva and two adult pentaploid unisexuals were found. Ploidy reduction without genome replacement was not documented to have occurred in the present study: no triploid female produced diploid offspring and the tetraploid females did not produce any triploid offspring. Identifying genome-replaced individuals was facilitated by identifying the male sperm donor's genotype from each mother's ploidy elevated offspring as well as knowing the mother's genotype. For example, triploid LJJ offspring that exchanged a mother's J haploid genome for a father's J haploid genome could be easily identified and none were found. Ploidy reduction is important for genome replacement and possibly for the longevity of the unisexual lineage as it would counter ploidy elevation that must have a limit, which is likely pentaploid. Ploidy reduction could also be disastrous for the unisexual lineage if the reduced egg is homozygous for the sperm -donating species. If, for example, the LLJ female produced LL or L, rather than LJ eggs, a gynogenetic or perhaps bisexual population of triploid or diploid A. laterale that possessed a unisexual mitochondrial D r a f t DNA could be initiated. Such a population is predicted from Charney's (2012) simulation experiment but has yet to be found. In their artificial insemination experiment ), LJJ eggs were inseminated with sperm from three species (A. laterale LL, A. maculatum MM, A. tigrinum TiTi,) . A few offspring demonstrated genome replacement (termed hybridogenesis at that time): they were triploid LJTi, LLJ, and LJM. It is tempting to speculate that genome replacement is more likely to occur where unisexuals experience a novel sperm donor. The two LLJ mothers in the present study had the same MLG but only the one mother that used A. jeffersonianum as a sperm donor gave rise to the 5 genome-replaced larvae.
Microsatellite mutation and chromosome recombination. New clones have arisen in the gynogenetic Amazon molly by de novo mutations (Warren et al. 2018 ) and microsatellite mutation has contributed to clonal diversity in the parthenogenetic rock lizard Darevskia ameniaca (Girnyk et al. 2018) . Balut et al. (2009) calculated the first microsatellite mutation rate in Amphibians. They genotyped 219 breeding A. tigrinum and 1039 larvae for a parent and offspring microsatellite mutation investigation. Ten mutations at one locus (Atex65) were observed among 1005 larvae for a calculated microsatellite mutation rate of 4.98 x 10 -3 . Clonal offspring from known females provide material to more easily observe and quantify microsatellite mutational events that can occur in one generation. Microsatellite mutations, observed in the present study (Table 5) , were found in all five examined loci but were more common in AjeD94 and AjeD378. The calculated mutation rates varied from a low of 6.6 x 10 -4 for AjeD283 to a high of 4.9 x 10 -3 for AjeD378 (Table 6 ). The observed mutations fit a Stepwise
Mutation Model (Ellegran 2004).
In addition to microsatellite mutations, 22 larvae were observed to have lost or gained microsatellite alleles when compared with their mother's genotype (Table 6) genotype and a 4-base microsatellite mutation of one of her 158 alleles could explain the larva's 150/158/162 genotype. Additional alleles that are contributed by sperm-donors are expected in ploidy elevated larvae. Those alleles were used to genotype the sperm donor (Table 3 ) but allele 164 that was gained in one ploidy-elevated larva at AjeD346 from female JPB 34604 can not be attributed to the sperm donor for that mother. Most alleles that were lost in larvae when compared with their mother's genotype involve fragments that are much larger or much smaller than can be explained by "normal" tetra nucleotide microsatellite additions or deletions.
Chromosome mutations such as translocations and recombination could be responsible for the observed losses or gains of microsatellite DNA alleles. Because meiotic prophase in unisexual salamanders involve genetically identical pre-meiotic duplicated sister chromosomes (Macgregor and Uzzell, 1964) , it is expected that the observed chiasmata can only exchange identical chromosome segments. But, using genomic in situ hybridization (GISH), Bi and Bogart (2006) were able to observe intergenomic recombination in some LJJ and LLJ larvae that must have resulted from cross-overs between L and J homeologous chromosomes, and not homologous sister chromosomes. A further GISH investigation (Bi et al. 2008b ) included a FISH (fluorescence in situ hybridization) -rDNA probe and examined the chromosomes from 92 unisexual larvae from 38 egg masses and 18 adults collected from 18 Ontario populations.
D r a f t
Intergenomic exchanges were common and the same patterns were shared by larvae in the same egg mass and even between populations. Ten different intergenomic exchange patterns were identified and were used to outline historical relationships between the populations. Some patterns contain an odd number of exchanged chromosomes which means that one of the homeologous chromosomes that gave rise to the exchange is missing. This observation provides additional evidence for genome replacement in unisexual Ambystoma. demonstrates kleptogenesis (Bogart et al. 2007 ) in unisexual Ambystoma. Unisexual females, which are mostly triploid (3n), undergo a premeiotic endomitosis which results in chromosome duplication in the oocytes (6n). After meiotic division the oocytes will be (3n) and can be activated by a sperm from a sympatric sexual male (XX) without fertilization (gynogenesis).
Conclusion
Sperm cells can also be incorporated into the oocyte to elevate the ploidy level (4n -ploidy elevation). In this study, unisexual LLJ (JPB 34604) produced offspring that demonstrated gynogenesis, ploidy elevation, and genome replacement ( Table 2 ). The sperm donor for this female was A. jeffersonianum (JJ) whose putative genotype was established from alleles present in female's ploidy-elevated offspring that were not found in the mother or her triploid offspring (Table 4 ). In addition to 3n eggs, this female produced reduced oocytes (2n) without premeiotic chromosome duplication. A sperm was then incorporated into the reduced oocyte to restore its ploidy level (2n to 3n) and one of the female's L genomes was replaced with a J genome. D r a f t b Clonal offspring had the same multi-locus genotype as their mother and were the product of gynogenetic reproduction.
c Ploidy elevated offspring incorporated a genome from a male sperm donor, which raised the ploidy level (e.g. a tetraploid offspring from a triploid mother) (see Table 3 ).
d Genome replaced offspring had the same ploidy as their mother but lost a maternal chromosome and incorporated a chromosome from a sperm donor (see Table 4 ). Tables 5 and 6 ). Individuals are counted as clonal or ploidy elevated.
f Loss or gain of a microsatellite fragment at a single locus is interpreted as meiotic recombination (see Table 7 ). Individuals are counted as clonal or ploidy elevated.
g Female 35594 was placed in a breeding bucket in Pond 1 with a known male.
D r a f t Table 3 ).
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